Cytochrome P450 3A4 (CYP3A4) metabolizes B50% of all clinically used drugs. Although CYP3A4 expression varies widely between individuals, the contribution of genetic factors remains uncertain. In this study, we measured allelic CYP3A4 heteronuclear RNA (hnRNA) and mRNA expression in 76 human liver samples heterozygous for at least one of eight marker SNPs and found marked allelic expression imbalance (1.6-6.3-fold) in 10/76 liver samples (13%). This was fully accounted for by an intron 6 SNP (rs35599367, C4T), which also affected mRNA expression in cell culture on minigene transfections. CYP3A4 mRNA level and enzyme activity in livers with CC genotype were 1.7-and 2.5-fold, respectively, greater than in CT and TT carriers. In 235 patients taking stable doses of atorvastatin, simvastatin, or lovastatin for lipid control, carriers of the T allele required significantly lower statin doses (0.2-0.6-fold, P ¼ 0.019) than non-T carriers for optimal lipid control. These results indicate that intron 6 SNP rs35599367 markedly affects expression of CYP3A4 and could serve as a biomarker for predicting response to CYP3A4-metabolized drugs.
Introduction
Cytochrome P450 (CYP) enzymes metabolize endogenous and xenobiotic compounds. Belonging to the CYP3A subfamily, CYP3A4 is the most abundant CYP enzyme, involved in metabolizing 45-60% of all currently used drugs, 1 including several statins-cholesterol-lowering HMG-CoA reductase inhibitors. However, CYP3A4 activity or protein content shows 10-100-fold inter-individual variations, [2] [3] [4] [5] influencing drug response and toxicity. Although the expression of CYP3A4 can be affected by non-genetic factors (like diet, inducer or depressor, age, sex), genetic factors acting in cis-and/or trans-are thought to be the main contributors to inter-individual differences in CYP3A4 activity. 6 Genetic factors acting in trans-, for example, polymorphisms in transcription factors, 7 different splice variants in transcription factors 8, 9 and differences in microRNA regulation 10, 11 have been reported to account for a portion of inter-individual variability in CYP3A4 expression/activity. However, whether and how cis-acting polymorphisms in CYP3A4 contribute to inter-person variability in CYP3A4 expression remains unresolved.
Currently known genetic variants in CYP3A4 that change the amino-acid sequence are rare (o1%) (http://www.cypalleles.ki.se/cyp3a4.htm), and therefore, can only account for a small portion of the observed variability. A more common variant, CYP3A4*1B, in the 5 0 -flanking region, has been associated with drug response and diseases, 4, 12 but results are inconsistent, [13] [14] [15] and its function remains controversial. 12, [16] [17] [18] Moreover, CYP3A4*1B is in linkage disequilibrium (LD) with the CYP3A5-expressing allele CYP3A5*1 in African Americans, 19, 20 raising the possibility that the expression of CYP3A5 could have accounted for any linked clinical phenotype. 21 Further suspected CYP3A4 polymorphisms include a TGT insertion (rs34401238), 22 an enhancer region SNP (rs2737418), 23 and an intron 7 SNP (rs4646437). 24 Although reporter gene assays suggested an effect for the TGT insertion and for rs2737418, the in vivo significance of TGT remains unresolved, 22 and results on CYP3A4 mRNA and enzyme activity were contradictory for rs2737418. 23 The intron 7 SNP rs4646437 was found to be associated with CYP3A4 protein/enzyme activity, but only in livers from males. 24 Therefore, the role of functional polymorphisms in CYP3A4 remains uncertain.
The purpose of this study was to search for common cisacting functional polymorphism(s) in CYP3A4 and evaluate their effects on CYP3A4-metabolized drugs in vivo. To search for common functional polymorphisms, we measured allelic heteronuclear RNA (hnRNA)/mRNA expression in human autopsy livers. A detectable allelic RNA expression imbalance (AEI) is a direct measure of cis-acting regulatory factors in CYP3A4 that affect RNA expression, processing, or turnover. Although Hirota et al. 25 had observed an AEI for CYP3A4 using two marker SNPs and a semi-quantitative method, their extensive search for the functional polymorphism(s) responsible for the observed AEI was inconclusive. In this study, we used eight marker SNPs with a quantitative AEI analysis of high precision, followed by use of the AEI status (AEI positive or AEI negative) as phenotypic trait to scan for regulatory polymorphisms. Using this systematic approach, we identified a single functional SNP located in intron 6 of CYP3A4, which lacks LD with any known frequent polymorphisms, probably accounting for difficulties encountered previously in the search for the functional variants. 23, 24 The intron 6 SNP fully accounted for the observed allelic mRNA expression pattern and correlated with CYP3A4 total mRNA level and enzyme activity in human livers, whereas previously suggested polymorphisms had no effect.
The in vivo effect of intron 6 SNP on CYP3A4 substrate drug metabolism was assessed in a cohort of patients with coronary artery diseases who were taking CYP3A4-metabolized statins for lipid control. Statins (3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) are widely used for the treatment of hypercholesterolemia. Among several statins, simvastatin, lovastatin, and atorvastatin are metabolized by CYP3A4 and display similar pharmacokinetics parameters. Atorvastatin is more potent than simvastatin and lovastatin, owing to its status as a substrate for OATP1B1, which transports the drug into the hepatocyte. 26 As there is a strong correlation between statin dose, blood drug concentration, and lipid response, 26, 27 genetic polymorphisms that alter CYP3A4 enzyme activity are expected to affect blood drug level and lipid response or side effects.
Using several CYP3A4 polymorphisms, earlier studies have reported contradictory results, 26, [28] [29] [30] [31] possibly because the mechanism that could have resulted in altered enzyme activities remain uncertain. On the other hand, functional polymorphism in CYP3A4 would be expected to affect the stable statin dose requirement to reach a cholesterol reduction target. On the basis of this assumption, we tested the association between intron 6 SNP genotype and stable statin dose requirement to reach an optimal lipid control goal. The results indicate that intron 6 SNP was significantly associated with statin dosage in patients undergoing standard therapy, suggesting that intron 6 SNP affects statin metabolism in vivo.
Materials and methods

Tissue samples
Three sets of human autopsy/biopsy tissue samples were obtained from The Cooperative Human Tissue Network Midwestern and Western Division. Liver cohort 1 (maintained at Eli Lilly) consisted of 43 livers and cohort 2 consisted of 93 livers, whereas cohort 3 consisted of 106 small intestine samples, taken mostly from the duodenum, with a few samples also from ileum and jejunum. All samples were obtained for this study under a protocol approved by the Ohio State University Institutional Review Board. Of cohort 1, collected over 10 years earlier, 23 had been measured for CYP3A4 enzyme activities when the tissues were fresh (data not reported earlier), and all tissues were screened to select heterozygotes for allelic mRNA ratios measurement. Livers in cohort 1 had several fold lower total mRNA levels of both CYP3A4 and the house keeping gene GADPH compared with cohort 2 (measured by quantitative reverse transcriptase polymerase chain reaction (RT-PCR); possibly because of longer storage time), and they were excluded from association analysis with total mRNA as phenotype. In contrast, allelic mRNA ratios have proven more robust even with partially decayed mRNA, assuming that there are no allelic differences during post-mortem decay; therefore, we considered cohort 1 eligible for AEI analysis. Cohort 2 was assayed for allelic and total mRNA levels, whereas cohort 3 was genotyped for the intron 6 SNP, and heterozygous tissues were analyzed for allelic mRNA expression.
Patients
Subjects were participants in the Ohio State University Coronary Artery Disease Study, who presented to the OSU Heart Center with symptomatic cardiovascular disease with at least 75% angiographic luminal stenosis (newly diagnosed or established) requiring percutaneous coronary intervention. Two hundred seventy-three patients documented to be taking stable doses (same dose for at least 6 months) of an HMG-CoA reductase inhibitor (statin) for lipid control were selected for this study. Statin doses were titrated for each patient to reach predetermined cholesterol control goals as described. 32 Lipid levels were measured at the time of enrollment and after reaching stable dose of statins. However, the lipid levels at the time of enrollment did not represent the basal level in all patients (without medication), because the documentation of any prior medication was incomplete. After enrolling into the study, the patients did not use other lipid-lowering drugs. Enrollment and trial conditions had been approved by the Ohio State University Institutional Review Board, with written informed consent obtained from each patient. The study population reflects demographics of the Columbus area and surrounding rural counties of Ohio.
DNA and RNA preparation Preparation of genomic DNA (gDNA), RNA, cDNA from tissues and blood samples, and plasmid DNA from cultured cells, was performed as described. [33] [34] [35] To avoid gDNA contamination in tissue RNA, samples were treated with DNase I. To avoid plasmid DNA contamination in RNA extracted from transfected cells, samples were treated with DNase I and two restriction enzymes (DpnI and XbaI, to linearize plasmid DNA so it can be degraded by DNase I). All samples were tested by real-time PCR, showing no amplification after 40 cycles in cDNA preparation without RT.
Quantitative analysis of allelic ratios in gDNA and RNA using SNaPshot The detailed method has been published. 33, 34 Briefly, a fragment of DNA or RNA (after conversion to cDNA) surrounding a marker SNP was PCR amplified, followed by a primer extension assay (SNaPshot) that targets the polymorphic site. Eight marker SNPs (including the functional intron 6 SNP; Supplementary Figure 1 ) located in either 3 0 UTR or intronic regions were used to measure allelic ratios of mature mRNA (3 0 UTR markers) or hnRNA (intronic markers) in 76 out of the 136 livers heterozygous for at least one marker SNP. gDNA allelic ratios, normalized to 1, served as internal control; none of the subjects displayed gDNA copy number variants, indicated by a significant deviation from unity, although genomic deletions would not have been detectable. Deviations of allelic RNA ratios from 1 (after normalization to DNA ratios), that is AEI, indicate the presence of cis-acting polymorphisms in CYP3A4 that affect mRNA expression levels. Three independent AEI measurements were performed in each sample for each marker SNP.
Genotyping
Thirteen SNPs in CYP3A4 (including the eight marker SNPs) ( Table 1) were genotyped in gDNA from liver samples with a multiplex SNaPshot assay 36 or allele-specific real-time PCR. 37 Seven SNPs in CYP3A4/3A5 were genotyped in gDNA from 273 patients. PCR conditions and primer sequences are provided in Supplementary Table 1 . Selection of genotyping methods was guided by the suitability of the assay for the specific polymorphism and cost; each method was quality controlled by common procedures, including replications, assessment of Hardy-Weinberg equilibrium, and validation with a different method including sequencing.
Quantitative mRNA and hnRNA analysis mRNA levels of CYP3A4, transcription factors PXR, RXRa, CAR, and HNF4a, and splicing protein SF2/ASF in human livers or small intestines were measured with real-time PCR 33 using gene-specific primers 38 (Supplementary Table 1 ) and SYBR Green (Applied Biosystems), with GAPDH mRNA as an internal control as described. 33 hnRNA was also measured in minigene-transfected cells using similar realtime PCR method as applied to mRNA, with primers targeting the intronic regions (Supplementary Table 1 ).
Sequencing CYP3A4
The region from B10 000 bp upstream of the transcription start site to the last exon (from 50013 to 89410 in AF280107, total length 39 397 bp) was sequenced in two liver samples (A43 and B76) that showed allele-specific RNA expression. PCR and sequencing primers were shown in Supplementary Table 1.
CYP3A4 enzymatic activity assay CYP3A4 activities were quantified from liver microsomes with testosterone as a probe as described. 39 Reporter gene assay to test enhancer activity of intron 6 SNP A DNA fragment of B1700 bp in length (from 60256 to 61990, AF280107) was PCR amplified from the CYP3A4-promoter region and cloned into PGL3 reporter gene vector using XhoI and Hind III cloning sites. To test whether intron 6 contains enhancer/repressor elements that could be affected by intron 6 SNP, an intron 6 fragment (B1000 bp from 76686 to 77738) harboring either the C or T allele was PCR amplified and ligated upstream of promoter fragment 40, 41 using KpnI and XhoI sites (see Figure 7 for details). The promoter and intron 6 fragments were sequenced, showing the expected sequences. These plasmids were Minigene assays CYP3A4 gene fragments from intron 4 to intron 7 (B2300 bp, from 75700 to 77994, AF280107), harboring either the C or T alleles of intron 6 SNP were PCR amplified from gDNA and cloned into pcDNA3 vector using KpnI and XhoI sites. The expected DNA sequences were confirmed by sequencing. We selected three clones of each construct for DNA preparation. Same amounts of minigenes harboring C or T allele were co-transfected into HepG2 or HEK293 cells and cells harvested at 24, 48, and 96 h post-transfection for plasmid DNA and RNA preparation. Allelic DNA and RNA ratios were measured as described above.
Cell culture and transfection
Cells were cultured at 37 1C in a humidified incubator at 5% CO 2 in DMEM (HepG2) or DMEM/F12 (HEK) supplemented with 10% fetal bovine serum, 100 U ml À1 penicillin and 100 mg ml À1 streptomycin. The day before transfection, cells were plated into 12-well plates. Transfection was performed using lipofectamine 2000 according to the manufacture's protocol (Invitrogen Life Technologies, Carlsbad, CA, USA).
Data analysis
Haplotype structure and LD plots were generated using Helix-Tree software (Golden Helix, Bosman MT) and Haploview. A multiple linear regression model was used for testing genotype effects on RNA expression, enzyme activity, and statin dose requirement using SPSS or Minitab software. We used forward and backward stepwise regression to select the best set of predictors in the multiple linear regression models with cutoff P-value p0.05. For mRNA data, sex and expression levels of PXR and RXR were included as covariates, whereas for enzyme activity data, sex, age, and exposure of inducer were included as covariates. For statin dose data, pretreatment total cholesterol level was a covariate. Genotype effects were adjusted for these covariates. The goodness-of-fit was judged by residual plots and normal quartile plot, testing the fulfillment of linear regression assumptions, that is, constant variance, normality, and independency. The association between three stable statin dose levels (p10 mg, 20 mg, and X40 mg) and genotype was analyzed using proportional odds logistics regression model performed using SAS 9.1 software. The suitability of model fitting was judged by deviance goodness-of-fit statistics P-value and score test P-value, both of which should exceed 0.05. Mann-Whitney test was used to analyze the differences in median statin doses between the two groups where the data are not normally distributed, whereas Student's t-test was used to compare the proportions or means between the two groups where the data are normally distributed.
Results
Scanning for cis-acting CYP3A4 polymorphisms that affect mRNA levels To search for cis-acting regulatory polymorphisms in CYP3A4 that affect mRNA levels, we measured allelic mRNA expression of CYP3A4 using three frequent marker SNPs located in the 3 0 UTR (#11, 12, 13, Table 1 , SNP #12 is a T-deletion polymorphism, but can be measured in the same way as a SNP). Because of the high CYP3A4 expression in liver, we also used four common intronic SNPs (#5, 7, 9, 10, Table 1 , intron 6 SNP #6 was not included in this initial screen; Supplementary Figure 1 ) as markers to measure allelic expression of CYP3A4 hnRNA as described. 25 Among 136 liver samples screened (43 from cohort 1 and 93 from cohort 2), 73 were heterozygous for at least one of the seven marker SNPs and therefore suitable for allelic RNA expression measurement. Normalized allelic RNA ratios for 66 of the 73 samples were closed to 1 (range from 0.87 to 1.15; Figure  1 ; Supplementary Table 2), indicating RNA levels derived from each of the two alleles are similar, arguing against the presence of cis-acting regulatory polymorphisms in these samples. In contrast, seven tissues (A23, A30, A36, B36, B45, B74, and B76) showed allelic RNA ratios significantly deviating from 1 (ratio represent main allele/variant allele, range 0.29-0.55), demonstrating significant AEI. In each case, the variant allele of the marker SNPs is present at 2-3-fold higher levels than the main allele, indicating that one or more cis-acting regulatory polymorphic sites must be heterozygous in these samples (Figure 1 ; Supplementary Table 2 ), indicating that a cis-acting polymorphism(s) in CYP3A4 affects both mRNA and hnRNA levels equally.
To search for responsible polymorphism(s), 13 CYP3A4 polymorphisms (Table 1) were genotyped and the association between AEI status (AEI positive or AEI negative) and genotype tested in 73 samples with AEI data available. A single SNP (#6, rs35599367, C4T; Table 1 ; Supplementary  Figure 1 ) located in intron 6 showed highly significant association with AEI status (adjusted P-value 9.12 Â 10 À10 ) ( Figure 2 ). Each sample showing AEI (that is AEI-positive sample) was heterozygous for intron 6 SNP, and each intron 6 SNP heterozygous tissue was AEI positive (Supplementary Table 2 ). None of the other tissues was AEI positive. This result implicates intron 6 SNP as the only causative factor. SNP rs2246709 (#7) also scored with moderate significance (P ¼ 0.034, Figure 2 ), likely because of partial LD with the intron 6 SNP (Supplementary Figure 2) . Other SNPs including previously identified promoter SNP *1B rs2740574 (#3), rs34401238 (#1, TGT insertion), rs2737418 (#2), and rs4646437 (#8) did not show significant association (P40.05, Figure 2 ). These results indicate that intron 6 SNP is functional per se or in high LD with a functional SNP.
If intron 6 were the only cause of AEI, we would expect all intron 6 SNP heterozygous samples show AEI when using intron 6 SNP itself as a marker. To test this, we screened all 136 liver samples (cohorts 1 and 2) for intron 6 SNP genotype, and identified 10 heterozygous samples, including three that were heterozygous only for intron 6 SNP (A17, A43, and B43), but not any of the other 13 SNPs tested (Supplementary Table 2 ). AEI was measured in these 10 samples using intron 6 SNP as a marker. As expected, all 10 samples showed significant AEI with allelic ratios (minor T allele/major C allele) ranging from 0.16 to 0.62 (Figure 3a) , with no differences between males and females (t-test, P ¼ 0.314). Therefore, the minor T allele of intron 6 SNP is linked to reduced mRNA/hnRNA levels (the inverse allelic mRNA ratio of major C/minor T ranges from 1.6 to 6.25). The minor T allele is exclusively linked to the main alleles of all other SNPs tested (haplotype 5), except for low LD with rs2246709 (Supplementary Table 3 ; LD plot Supplementary Figure 2) . This finding accounts for the allelic mRNA ratios below unity observed with all other marker SNPs (major/minor allele; that is the main allele is expressed less) in tissues that are heterozygous for intron 6 SNP.
To search for other possible polymorphisms that may account for the observed AEI, we sequenced the entire CYP3A4 locus, from B10 kb upstream of the transcription start site to the last exon (from 50013 to 89410 in AF280107, total length 39 397 bp) in two AEI-positive samples (B43 and B76). Any possible functional polymorphisms causing AEI must be heterozygous in both samples. However, except for intron 6 SNP in both two samples and intron 7 SNP rs2246709 in B76 sample, there was not a single additional heterozygous polymorphic site present in the entire CYP3A4 locus in these two samples. This is consistent with our genotyping results (Supplementary Table 2), that is both samples were homozygous for major alleles of the 13 SNPs genotyped except for intron 6 and intron 7 SNP (rs2246709, in B76 only), as expected from the strong LD of intron 6 with the major alleles of all other SNPs (Supplementary Table 3 ). As the AEI ratio analysis was unambiguous, this result rules out other SNPs within the sequenced region and strongly indicates that intron 6 SNP is the only cause of AEI. We cannot exclude that a causative SNP could have resided outside the sequenced region, but any such variant would have to be in complete LD with the intron 6 SNP, an unlikely scenario (large LD block of over 40 kb) given the 40 kb region surveyed, and the haplotype structure of CYP3A4 shown in Supplementary Figure 2 .
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Allelic RNA ratio (major/minor) Figure 1 Allelic mRNA/hnRNA expression ratios of CYP3A4 in human livers measured with a primer extension assay (SNaPshot) using seven marker SNPs (SNP 5, 7, 9, 10, 11, 12, and 13 in Table 1 ). Allelic RNA ratios were normalized to genomic DNA ratios set at 1. Data represent the average of three measurements per marker using single or multiple marker SNPs (mean ± s.d. Figure 2 Association between genotypes and allelic RNA expression imbalance (AEI) status (AEI positive or AEI negative). Only intron 6 SNP rs35599367 scored with high significance, whereas SNP 7 (rs2246709 in intron 7) was marginally significant. The solid line indicates P ¼ 0.05 level for the association, without adjusting for multiple comparisons. 1. rs34401238 (TGT insertion); 2. rs2737418; 3. rs2740574(*1B); 4. rs2687105; 5. rs28988579; 6. rs35599367 (intron 6); 7. rs2246709; 8. rs4646437; 9. rs2242480; 10. rs3735451; 11. rs28988604; 12. rs28969391; 13. rs28371763.
Intronic polymorphism in CYP3A4 D Wang et al intestines from cohort 3, 10 were heterozygous for intron 6 SNP (nine duodenums, one ileum SB86) and selected for AEI measurement. In contrast to liver samples, where all heterozygous tissues showed AEI when using intron 6 SNP as marker (Figure 3a) , none of the 10 small intestine samples showed AEI (Figure 3b ), demonstrating intron 6 SNP has no effect in small intestines. This result supports tissue-specific regulation affected by intron 6 SNP.
Intron 6 SNP associates with decreased CYP3A4 mRNA level and enzyme activity in human livers Total CYP3A4 mRNA levels were measured by quantitative RT-PCR in 93 liver samples from cohort 2. Although mRNA levels did not differ between Caucasians and African Americans, females had 1.3-fold higher levels than males (95% confidence interval (CI): 1.00-1.68, two-sided P ¼ 0.042) as reported. 43 Livers with the main CC genotype of intron 6 SNP had 1.7-fold (95% CI: 1.1-2.8) higher levels than CT and TT carriers combined (t-test, two-sided P ¼ 0.028), with no interactions between genotypes and sex. To test the effect of CYP3A4 transcription factors, 8, 9, 44, 45 mRNA levels were also measured for pregnane X receptor (PXR, NR1I2), constitutive androstane receptor (CAR, NR1I3), retinoid receptor (RXRa), and hepatocyte nuclear factor (HNF4a1A). CYP3A4 mRNA expression positively correlated with all four transcription factors, as reported 8,9,44,45 ( Figure 4 ). After adjusting for sex and transcription factors, intron 6 SNP remained significantly associated with CYP3A4 expression (1.67-fold CC over CT and TT combined, 95%, CI: 1.11-2.46, P ¼ 0.014) (Figure 5a) , showing that the genotype effect was not confounded by these transcription factors. Moreover, there is no interaction between intron 6 SNP genotype and transcription factors. Intron 6 SNP, sex, and the expression of transcription factors account for 32% of CYP3A4 mRNA variability, whereas intron 6 SNP alone explained 7% of the variability.
CYP3A4 enzyme activity was measured using a testosterone 6b-hydroxylation assay 39 in 23 liver samples from cohort 1 (performed upon collection before storage). Of these 23 liver samples, 4 were intron 6 SNP heterozygous carriers, 3 had been exposed to CYP3A4 inducers (phenobarbital, carbamazepine, nifedipine, and dexamethasone), 10 were female, and 5 from children (age o15 years) (Supplementary Table 4 ). To control for these covariates, we fitted the data into a multiple linear regression model with age, sex, and inducer exposure as covariates. As shown in Figure 5b , CYP3A4 enzyme activity was 2.5-fold higher for intron 6 SNP CC than CT carriers, after adjusting for age (o15 years child, 415 years adult), sex, and inducers (twosided P ¼ 0.037, 95% CI: 1.1-5.6). Consistent with allelic RNA expression, these results show that intron 6 SNP decreases both CYP3A4 mRNA levels and enzyme activities (protein levels) in vivo. Intron 6 SNP, age, sex, and exposure to inducer account for 45% of CYP3A4 protein variability, whereas intron 6 SNP along explained 12% of the variability. In contrast, CYP3A4*1B, TGT insertion, rs2737418, and rs4646437 had no effects on AEI (Figure 6) , total CYP3A4 mRNA level, and enzyme activity (P40.05).
Molecular genetic mechanisms underlying intron 6 SNP regulation
Intron 6 SNP is located 192 bp upstream of exon 7, within several serine/arginine-rich protein-binding motifs. Among these, a predicted SF2/ASF-binding site implicated in splicing scored highest (ESEfinder searching, http://rulai.cshl. edu/tools/ESE/), which is deleted by the T allele (CAGCGTA to CAGTGTA). However, RT-PCR amplification of transcripts from exon 5 to exon 7 of CYP3A4 did not reveal any splice variants, regardless of C or T alleles. Moreover, the allelic RNA ratios measured with marker SNPs located both in the 3 0 UTR (mostly mature RNA) and within intronic regions (premature hnRNA) in two samples co-heterozygous for intron 6 SNP and 3 0 UTR marker SNP (A30 and B45) consistently showed the same allele to be less well expressed, considering the LD pattern in CYP3A4. This result argues against altered splicing as primary mechanism, because if intron 6 were to affect pre-mRNA splicing and thereby causing AEI, we would expect to see different allelic RNA ratios obtained with intronic and 3 0 UTR marker SNPs in these two samples, and allelic mRNA ratios should be in Intronic polymorphism in CYP3A4 D Wang et al opposite directions. Therefore, the defect appears to reside at an earlier step in hnRNA expression and processing. The SF2/ASF protein has additional functions beyond splicing, such as regulating translation and stabilizing mRNA. 46, 47 To test whether SF2/ASF is involved in intron 6 SNP regulation, the expression of SF2/ASF mRNA in liver and small intestine (duodenum) was measured using realtime PCR, to account for tissue-specific effects of intron 6 SNP on CYP3A4 expression. However, similar SF2/ASF expression (cycle threshold were 26.3 and 26.8 for liver and small intestine, respectively) argues against a role for SF2/ASF, but differences in SF2/ASF splice variants in liver and small intestine cannot be ruled out, among other possible mechanisms.
Some intronic regions contain enhancer/attenuator elements that regulate transcription. 40, 41 To test whether intron 6 contains regulatory elements, a reporter gene assay was developed suitable for testing enhancer regions within Figure 5 Box plots of CYP3A4 mRNA levels (a) (cohort 2) and enzyme activity (b) (cohort 1) in human liver samples, grouped by intron 6 SNP genotype. The y axis shows adjusted CYP3A4 mRNA levels or enzyme activities. mRNA levels were adjusted for sex and mRNA levels of PXR and RXR transcription factors, whereas enzyme activities were adjusted for age, sex, and inducer exposure.
Intronic polymorphism in CYP3A4 D Wang et al the transcribed gene locus, as described. 40, 41 The CYP3A4-promoter region (B1700 bp, from 60256 to 61990, AF280107) was amplified and cloned into PGL3 reporter gene vector. An intron 6 fragment (B1000 bp, containing intron region only, from 76686 to 77738) harboring either the C or T allele was added upstream of the CYP3A4-promoter fragment (Figure 7a ). These plasmids were transfected into HepG2 cells and luciferase activity measured 48 h post-transfection. The intron 6 region did not affect the activity of the CYP3A4 promoter, regardless of the presence of the C or T allele. This result suggests that intron 6 is unlikely to regulate CYP3A4-promoter activity, consistent with a lack of predicted transcription factor-binding sites in the intron 6 region, assessed with Promolign (http:// polly.wustl.edu/promolign/main.html).
Intronic regions can further influence RNA levels by regulating transcriptional elongation rate or RNA processing/turnover. [48] [49] [50] To test this possibility, a minigene was constructed that contained the DNA sequence from intron 4 to intron 7 (B2300 bp, from 75700 to 77994, AF280107), harboring either the C or T allele of intron 6 SNP. After transfection into HepG2 or HEK293 cells, both hnRNA and correctly spliced mature mRNA were detectable, with the level of hnRNA being B5% of mature RNA. Again, we did not detect any splice variants after either C or T minigene transfection, consistent with liver results. Transcription A12  A24  A30  A34  B1  B6  B12  B13  B14  B15  B16  B18  B24  B25  B41  B44  B52  B58  B59  B64  B65  B71  B75  B80 In vitro cell transfection assays. (a) Effect of intron 6 region on CYP3A4-promoter activity tested in a luciferase reporter gene assay. The intron 6 region was inserted upstream of the proximal CYP3A4-promoter region, and both C and T alleles were tested using bioluminescence output. (b) Effects of intron 6 SNP on CYP3A4 minigene RNA expression. Minigene constructs, consisting of exon 6, intron 6, and exon 7, harboring the C or T allele of intron 6 SNP, were co-transfected into HepG2 or HEK293 cells, and allelic DNA and RNA ratios measured at 24, 48, and 96 h posttransfection, using intron 6 SNP as the marker. The intron 6 SNP plasmid DNA ratio was normalized to 1 for each experiment. Compared with plasmid DNA ratio, **Po0.01, ***Po0.001 analysis of variance with Bonferroni post-test.
Intronic polymorphism in CYP3A4 D Wang et al levels of mature RNA and hnRNA resulting from the minigene carrying the C allele were higher and peaked earlier than the T allele, but inter-transfection variability did not permit accurate quantitation. To compare the transcript levels of minigene constructs with C and T alleles, the two constructs were co-transfected in equal amounts and allelic RNA and plasmid DNA ratios measured in HepG2 or HEK293 cells as described earlier, 33,42 at 24, 48, or 96 h posttransfection. To avoid interference from endogenously expressed CYP3A4 RNA, a PCR primer was used matching transcribed pCDNA vector sequence 3 0 downstream of the minigene for cDNA synthesis. As shown in Figure 7b , after normalization to the plasmid DNA ratios of the transfected minigenes at each time point, allelic RNA ratios (C/T) consistently increased with post-transfection time in HepG2 cells. At 96 h post-transfection, allelic RNA ratios C/T were B2 (normalized to the plasmid DNA ratios) (Figure 7b) , reaching a similar level as allelic RNA ratios observed in human livers. In HEK293 cells, the allelic RNA ratio was only 1.2 C/T at 48 h post-transfection, likely due to the differential regulatory protein expression in HEK293 and HepG2 cells.
Intron 6 SNP (C4T) associates with statin dose requirement
The in vivo effect of intron 6 SNP was assessed by linking it to the titrated dosage of CYP3A4-metabolized statins required for reaching an optimal cholesterol control goal as described. 32 General clinical characteristics of the study population of 273 patients in this observational investigation are shown in Supplementary Table 5 . Patients were either on a CYP3A4-statin (atorvastatin n ¼ 142, lovastatin n ¼ 9, simvastatin n ¼ 84) or non-CYP3A4-statin (fluvasatatin, pravastatin, rosuvastatin, total n ¼ 38). The majority of subjects were Caucasian (89%), male sex (67%), and on a CYP3A4-statin (86%). Intron 6 SNP was genotyped in all 273 patients. Additional known functional non-synonymous SNPs in CYP3A4 (*17 rs4987161 and *18 rs28371759), although with low frequency, were also genotyped. Moreover, we genotyped the common SNP CYP3A4*1B, previously suggested to be functional, 4, 12, 15 and TGT insertion rs34401238, reported to be active in in vitro reporter gene assays, to evaluate any effects on statin metabolism. Two commonly known functional SNPs in CYP3A5 (*3 rs776746 and *5 rs41303343) were also genotyped (Table 2) , because CYP3A5 often shares the same substrates with CYP3A4. Therefore, the variability in the metabolism of CYP3A substrates could result from genetic variability of CYP3A5. Three SNPs (rs2740574, rs776746, and rs1303343) deviated from Hardy-Weinberg equilibrium, because of different allele frequency in Caucasian and Africa American populations, whereas all SNPs followed Hardy-Weinberg equilibrium when analyzed separately for each group (Table 2) . Therefore, genotype association was calculated separately for these three SNPs in Caucasians and African Americans, and results were reported only for Caucasians, because the African American group size was insufficient. The allele frequency of intron 6 SNP is B5%, consistent with that reported in NCBI database (4-8%). Absence of CYP3A4 SNPs *17 and *18 is consistent with reported low-allele frequency.
A subset of 235 patients was on CYP3A4-metabolized statins (atorvastatin, lovastatin, and simvastatin) with daily doses ranging from 5 to 80 mg. Of these, 22 were intron 6 SNP carrier (20 CT heterozygotes and 2 TT homozygotes). Table 3 shows the clinical characteristics of intron 6 SNP carriers and non-carriers. The stable titrated statin doses were significantly lower in intron 6 SNP carriers than in non-carriers (Mann-Whitney test, two-sided P ¼ 0.039), whereas there were no differences in other characteristics including lipid levels before and after statin treatment between these two groups. To further test the strength of association between intron 6 SNP and statin dose requirement, we divided statin doses into three levels: p10 mg, 20 mg, and X40 mg, and tested the association between intron 6 genotype and dose level using a proportional odds logistic regression model, and adjusting for different statins used (atorvastatin and simvastatin/lovastatin combined) (Table 4) , because atorvastatin has higher potency in lowering lipid levels than simvastatin and lovastatin. 26, 27 After controlling for different statins, carriers of the intron 6 minor T allele were less likely taking higher statin dose with odds ratio of 0.355 (95% CI: 0.16-0.81, two-sided P ¼ 0.014, Table 4 ), as expected from lower hepatic expression of CYP3A4. Considering that the test represents a single hypothesis supported independently by molecular genetic results, and therefore not requiring multiple comparison adjustment, the P-value of 0.0136 is consider significant at a ¼ 0.05 level or a false-positive rate o5%. For a further quantitative assessment of statin dose requirement for intron 6 SNP carriers and non-carriers, we used a multiple linear regression model with total cholesterol level before treatment as covariate. The result shows that the stable statin dose for intron 6 T-allele carriers was only a 0.27 fraction compared with non-T carriers (P ¼ 0.019) ( Table 5) . Similar results were obtained when analyzing patients on atorvastatin and simvastatin separately (Table 5 ). Intron 6 SNP explains 5% of inter-individual variability in stable dose requirement. Therefore, intron 6 SNP is significantly linked to reduced statin dose requirements. These results are consistent with the mRNA level and enzyme activity data shown above, with liver from T-allele carriers having o50% mRNA level or enzyme activity compared with non-T-allele carriers. In contrast, in Caucasian patients, CYP3A4*1B and CYP3A5*3 did not show any significant associations (Table 4) , consistent with AEI data. The low frequency of rs34401238 (TGT insertion) and rs1303343 did not permit statistical analysis of these data (Table 4) . Moreover, because of the low number of patients receiving the non-CYP3A4 substrate statins, any effect of intron 6 SNP cannot be evaluated in this group.
Discussion
This study shows that intron 6 SNP rs35599367 is significantly linked to reduced CYP3A4 mRNA expression and enzyme activity in human livers, and importantly, it fully accounts for differences in allelic mRNA expression. As intron 6 SNP is not in substantial LD with any other SNPs, it had escaped detection by association studies using haplotype tag SNPs. 23, 24 None of the previously reported CYP3A4 SNPs, including promoter *1B, 4, 12 enhancer TGT insertion, 22 enhancer rs2737418, 23 and intron 7 SNP rs4646437 24 had detectable effects on allelic mRNA expression, mRNA level, and enzyme activity, arguing against a contribution of these SNPs to CYP3A4 variability in the liver.
The allele frequency of intron 6 SNP in the examined groups (95% of the samples were from Caucasian) was 5-7%, resulting in 10-13% heterozygosity in this study, consistent with previously reported allele frequencies 51 of 0.043, 0.043, and 0.083, for African Americans, Chinese, and Caucasians, respectively.
Common molecular mechanisms for an intronic SNP to alter mRNA levels are to affect transcription, RNA elongation, splicing, or maturation. 40, 41, 48, 49 As the allelic ratios were similar for mRNA and hnRNA in livers co-heterozygous for both exonic and intronic marker SNPs, splicing and mRNA turnover are unlikely to account for the different expression. Moreover, CYP3A4 mRNA and hnRNA levels were shown to vary in parallel in human livers, 52 arguing for a defect early in transcription and RNA processing. The reporter gene assay results argue against a role in transcriptional regulation as an enhancer element that could reside within the transcribed region. On the other hand, intron 6 SNP could affect the folding of single-stranded DNA or nascent RNA and hence RNA elongation. This mechanism was consistent with the minigene results, showing higher C than T allele expression levels in HepG2 cells (Figure 7b ) when only the introns and exons surrounding the intron 6 region were expressed by transfection. In silico DNA or RNA folding analysis (Mfold program) shows that intron 6 SNP changes the folding of single-stranded DNA and RNA (not shown), potentially affecting the binding of regulatory proteins. However, this hypothesis requires further investigation.
The molecular genetics results reported here lead to predictions about dosage requirements for drugs primarily metabolized by CYP3A4. Although the main emphasis in this study is on the molecular genetics of CYP3A4, a first exploratory clinical study was completed by assessing intron 6 SNP effects on stable statin dosage requirements to attain a target lipid control level in CAD patients. Consistent with reduced expression of the minor allele, intron 6 SNP was significantly associated with reduced stable dose requirements of statin drugs that are predominantly metabolized by CYP3A4 (atorvastatin, lovastatin, and simvastatin). As statin doses are titrated to reach a desired LDL, the target can be achieved at lower doses in carriers of the intron 6 SNP T allele conveying reduced metabolism. In support of this notion, pharmacokinetic studies have shown that inhibition of CYP3A4 activity drastically increases plasma concentrations of simvastatin and lovastatin, 53, 54 suggesting that CYP3A4 activity is a major determinant of plasma concentration of CYP3A4-metabolized statins. Reports on the association between previously identified CYP3A4-promoter SNP (*1B, À392 A4G) with lipid-lowering efficacy and safety of simvastin or atorvastatin treatment has been contradictory. 28, 29 Our clinical association study of CY-P3A4*1B agrees with the results reported in Fiegenbaum et al. 28 and is consistent with the molecular genetics results, showing that this promoter SNP has no effect on hepatic CYP3A4 mRNA expression. However, whether CYP3A4*1B affects CYP3A4 mRNA level in tissues other than liver, for example small intestines affecting statin oral bioavailability, requires further study. Similarly, results on the association between CYP3A5 null allele *3 and CYP3A4-statin substrates and lipid response are contradictory, with increased, decreased, or unchanged results reported, 28, 55, 56 possibly due to small sample size and different experimental designs. Our current results showing no effect of CYP3A5 SNPs on statin dose is consistent with the reports that CYP3A5 does not have a major function in statin metabolism. 57 This result also suggests that the association between intron 6 There are several limitations in our observational clinical association study. First, the basal untreated lipid levels were not uniformly available (the lipid levels were obtained at the time of enrollment before treatment was initiated at Ohio State University Medical Center, but treatment with lipidlowering drugs before entry into the study was not ascertained); therefore, the association between intron 6 SNP and lipid response cannot be evaluated. Second, to estimate the contribution of intron 6 SNP to statin dose requirement, genetic variants in other genes that are also involved in pharmacokinetics processes of statins, for example, ABCB1 and OATP1B1, should be tested, requiring a larger cohort. Third, evaluation of CYP3A4*1B and CYP3A5*3 on statin dose requirement may have been limited by the small sample size, with statistical analysis restricted to Caucasians. Large differences in allele frequency between Caucasian and non-Caucasian for CYP3A4*1B and CYP3A5*3 would therefore require cohorts including more non-Caucasians (Table 2) . Finally, as CYP3A4 activity is subject to induction or inhibition by many other drugs including statins themselves, 58 the concomitant medications and duration of statin usage should be considered. To fully evaluate the predictive value of intron 6 SNP in statin dose or side effects, a prospective larger cohort study will be needed in the future to test the association between intron 6 SNP and lipid response, dose requirement and rare adverse effects, such as rhabdomyolysis.
CYP3A4 mRNA expression was also significantly affected by the expression of four transcription factors tested (PXR, RXRa, CAR, and HNF4a). The effect of intron 6 SNP was independent of the influence of these trans-acting factors, but it remains to be determined whether and to what extent genetic factors determine the activity of these transcription factors, using an approach similar to the one used for CYP3A4. Also, the contribution of intron 6 SNP to the overall variability of metabolic activity in vivo, and variability of metabolic clearance for each statin, or any other CYP3A4 drug substrate, must be addressed in future studies.
Even though CYP3A4 activity shows considerable interindividual variability, new drugs are often targeted for metabolism by CYP3A4, to avoid problems arising from null mutations in other drug metabolizing CYP enzymes, such as CYP2D6. The results presented here show that a portion of the variability in CYP3A4 can be accounted for by the intron 6 SNP. The clinical relevance of this finding is shown by the impact of intron 6 SNP on the titrated dose of two statin drugs that depend on CYP3A4 for their elimination. As CYP3A4 is involved in the metabolism of approximately half of all clinically used drugs, the intron 6 SNP is likely to affect dosing requirements, response, and toxicity of numerous drugs, including anticancer agents with narrowly defined dosage regimens. Therefore, CYP3A4 intron 6 SNP has the potential to become a valuable biomarker in clinical practice, and in drug discovery and development.
